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Abst rac t - -A  projectile is analyzed which uses a bang-bang type guidance law with a wind stabilized 
seeker. The projectile is guided to a target located on the ground. The projectile motion is modelled 
in the vertical plane, and the model is used to compare the performance of the wind stabilized seeker 
system with that of proportional navigation. The effects of wind speed and target motion on guidance 
accuracy are analyzed. Finally the results are compared to results obtained from a full 6 degrees of 
freedom simulation of the system. 
1. INTRODUCTION 
Most modern missile systems make use of proportional guidance laws which ensures high accuracy, 
especially against fast moving targets. A detailed analysis of proportional navigation is given by 
Zarchan [1]. The drawback of using proportional navigation is that it requires measurement of
the missile to target sightline angular ate. In most cases this implies that the missile has to carry 
on board inertial sensors. This requirement increases the complexity and cost of the missile. 
Using a pursuit guidance law provides a low cost alternative to proportional navigation, pro- 
vided that the envisaged system conforms td the following: 
- The system is used against stationary targets (i.e., the envisaged missile system is a air to 
ground or ground to ground system); 
Pinpoint accuracy is not required; 
- A low cost missile or guided projectile is required. 
Using a true pursuit guidance law requires that the target position be measured relative to the 
missile flight path. In practice, this can be achieved by mounting the missile seeker on a wind 
stabilized "sting" on the front of the missile. The seeker is connected to the missile body through 
a universal joint. The seeker is so shaped that the airflow aligns the seeker with the relative wind 
direction, which is also the flight path direction. This concept is illustrated in Figure 1. 
This concept is widely used in laser-guided aircraft bombs, although advances in technology 
have led to the newer generation of laser guided bombs to be fitted with full proportional navi- 
gation type systems. Interest in the concept is renewed by interest in guided or course-corrected 
munition systems. In these systems a projectile is fired from an artillery piece (gun or mortar), 
and is then terminally guided to obtain a very low final miss distance. 
Using a wind stabilized seeker in such a system has the following advantages: 
- It is cheap. 
- It does not need angular ate sensors, which makes it easier to develop equipment that will 
survive the high acceleration levels experienced by such a projectile when it is launched. 
The use of a wind stabilized seeker has been the subject of a recent series of articles, in which 
the performance of such a system has been compared with the performance of a system using a 
proportional navigation guidance law [2-4]. The studies made use of stochastic optimal control 
Typeset by .AA~-TF~ 
27 
28 J.P. FouRw., Y. YAVlN 
~Targe± 
~'e°~x° o 
Wind s±abltlzed seeker  
Pro Jet±lle 
Figure 1. 
techniques, following the method described in [5]. In this study, the problem is approached using 
simulation and Monte-Carlo techniques. The analysis is not as rigorous as that described in the 
references, but it does clearly illustrate the basic differences between the two guidance systems. 
No particular seeker or weapon system has been assumed. The performance of a system using 
a wind stabilized seeker for terminal guidance is estimated and is compared with the performance 
obtained using proportional navigation. 
It is, however, assumed that the system will have the following characteristics: 
- The system will be used against argets on the ground; 
- The projectile makes use of the deflection of aerodynamic control surfaces to steer; 
- A bang-bang control aw is employed; 
- The seeker output is sampled. 
2. THE EQUATIONS OF MOTION 
Consider the motion of a projectile P in the (x, z) plane, as shown in Figure 2. The equations 
of motion of P are given by: 
dx 
= V COST, (1) 
dt 
dz 
= V s in  7 ,  (2 )  
dt 
= (L /m - g cos 7)  (3) 
dt V ' 
dV -D  
- -  - g s in  7 ,  (4 )  
dt m 
dq Ms 
d-/= 7 '  (5) 
da d7 
= q - (6 )  
Where (z, z) denotes the coordi'nates of the projectile; V is speed; 7 its flight path angle; q its 
dO. body pitch angular rate -~/-, a its angle of attack; L the lift force acting on P; D the drag force 
acting on P; m is P's mass; Ms is its pitching moment and J is the airframe moment of inertia 
around the body pitch axis. 
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It is assumed that the aerodynamic forces are given as: 
L = 0.5p(z)V2Sref(Cz.a + Ct.,6), 
D = o.sp(~)v~s~f(C~o + KCL .b ,  
MB = 0.Sp( z ) V2 SrefXref( CmctOt q- Cm6~) -k 0.25p( z) V SrefX2fCrnqq, 
(r) 
(8) 
(9) 
where p(z) denotes the air density; Sref is an appropriate reference area; Xref an appropriate 
reference l ngth and CL,~, CL6, CDO, K, Cm~,, C, n6 and C,~q are given aerodynamical coefficients, 
which are a function of the Mach number at which the projectile is moving. It is assumed here 
that the control surface deflection angle ~ is the control function. 
The target to seeker sightline angle is given as A. The sightline rate ~ is given by: 
dA [ -V  sinT(z, - z) + V cosT(zT -- z)] (10) 
dt R 2 ' 
where (zT, ZT) is the target coordinates. 
For "ideal" proportional navigation the guidance law is: 
d~ 
nc = KpVc "-~, (11) 
where n¢ is the commanded normal acceleration, Kp is the proportional navigation gain and Vc 
is the closing velocity between the target and the projectile. As the target is stationary, it is 
assumed that Vc ~ V. 
The system does not measure or control the actual normal acceleration na. To implement the 
proportional navigation law with a nominal gain of K, it is therefore necessary to calculate the 
flight control surface deflection that will give the required normal acceleration. Assume that the 
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body rotational dynamics are fast compared to the translational dynamics of the airframe. For 
a given control surface deflection 5, the body settles at an angle of attack such that: 
CM.a  -- CM~8 (12) 
( CM, ~ (13) i.e., = 6 
The resultant normal acceleration (due to lift) is then: 
L f CM6 ] 
" "  = -m = °'5P(z)v2sr  [cL° + CL,j 6 = K.q6, (14) 
where Keq is the equivalent "gain" of the airframe. The flight control surface deflection required 
by the guidance law is than calculated as: 
dA 
6=KpVc  (15) 
Keq"  
Using the wind stabilized seeker, it is assumed that the seeker is aligned with the flight path. 
The seeker therefore measures (A - 7). The sightline angle A is calculated as: 
A= tan -1 (ZT--_.._~z~, 
\ZT  --  Z /  
The bang-bang uidance law employed is as follows: 
(16) 
: -  "}'~max if(A - 7) > 0, -6max if(A - 7) < 0. (17) 
It is assumed that the seeker output is sampled and held at a period of 50 ms. 
3. THE EFFECTS OF WIND AND TARGET MOTION 
Assume that the target is free to move along the z-axis. The equations of motion for the 
projectile remains unchanged, but the sightline rate is now given by: 
d..A.~ = [ -Vs in 7(zT -- x) -- (VT -- VcosT)(ZT -- z)] (18) 
dt R 2 ' 
where VT is the target speed. 
To include the effects of a steady-state wind on the system, the following approach is used: 
- A (z~,z I) axis system is defined so that it moves with the wind. 
- The angles 7 and ~ are redefined in terms of the new axis system; 
- Equation 1 now becomes: 
dz 
d"t- = v cos7 + Vw, (19) 
where Vw is the speed of the wind along the z-axis. 
- It can be shown that Equations 2 to 6 remain unchanged. 
- In terms of the new definition of 7, the sightline rate now becomes: 
d_A = [- V sin 7(ZT -- z) -- (VT -- VW -- V cos 7)(ZT -- z)] (20) 
dt R 2 
- The wind stabilized seeker aligns the seeker boresight with the relative wind vector, i.e., 
the seeker still measures (A -  7), using the new definition for 7. The pursuit guidance law 
can therefore be implemented as before. 
From Equation 20 it can be seen that the effects of target motion and steady state wind are 
mathematically equivalent. 
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4. NUMERICAL EXAMPLE 
To illustrate the differences between proportional navigation and guidance using the wind 
stabilized seeker, simulation runs were performed using the equations given above. For both 
guidance types the same target speed, wind speed and initial conditions were used. The following 
set of parameters were used to represent the projectile: 
m=15;  K=1.06;  Sref=O.Olll; Zref=0.12; C/;==20; 
CL6=7; Coo=0.35; Cm==-9;  C,~6=0-5; C , ,q=-60 .  
The Mach number dependency ofthe aerodynamic coefficient have been ignored for simplicity, 
and because the expected speed of the projectile is such that is will operate in the low Mach 
range where the change in coefficients i small. The following initial conditions were used: 
zo=-1500;  z0=3500; 70 =-0.78;  a0=0;  V0=150; q0=0. 
No wind was simulated but a target speed of 5 m/s was used. The initial target position 
was at (0,0). The air density p(z) was obtained using the International Standard Atmosphere 
model [6], assuming that z = 0 corresponds to sea level. For the proportional navigation model, 
a navigation gain of Kp = 2 was used. 
The wind stabilized configuration used a bang-bang control aw with the control surface de- 
flection 6max set at 0.1. The seeker output was sampled and held at a fixed period of 50 ms. 
The resultant trajectories are shown in Figures 3 and 4. Figure 4 shows the terminal part of 
the trajectory, with the origin of the axis system shifted to correspond with the target position 
at impact. Also shown on the graphs are the trajectories obtained using the following modified 
guidance laws: 
"Practical" proportional navigation. For this configuration is assumed that the projectile 
speed is not known. The control surface deflection commanded by the guidance law is 
still calculated from Equation 14 but a nominal projectile speed of 200 m/s is assumed for 
the calculation. The control surface deflection is also limited to =l:6max with 6rnax = 0.1 as 
before. In addition, the seeker output is sampled and held at a fixed 50 ms period. 
Pursuit navigation using a fixed seeker. The universal joint in the wind stabilized seeker 
allows the seeker boresight to be aligned with the flight path. Without he universal joint, 
the seeker would be aligned with the projectile body axis. The seeker would then measure 
()~ - 7 - a). The trajectory shown is for a guidance law identical to the one used for the 
wind stabilized seeker, but with the seeker output aken as (~ - 7 - a). 
The figures show the characteristic differences between proportional navigation and pursuit 
guidance. It can be seen that the two proportional navigation laws result in similar, accurate 
performance. The wind stabilized seeker is less accurate and the fixed seeker even more inaccurate. 
5. MONTE CARLO ANALYSIS 
The example considered in the previous paragraph compares the performance of the various 
guidance laws for one set of initial conditions and circumstances only. To perform amore thorough 
comparison of the guidance laws, the performance was determined over a wide range of conditions. 
The comparison only considered the "ideal" proportional "navigation system vs. wind stabilized 
pursuit navigation. The initial conditions used were: 
- z0 : 1500; 
- x0: varied from 0 to -2000 in steps of 200; 
V0; varied from 100 to 250 in steps of 25; 
- 70 :  It was assumed that the projectile is initially flying towards the target with an aiming 
error randomly selected in a range of -4-100 around the target o projectile sightline. 
- q0 :0 ;  
- O~O : O. 
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Figure 3. Trajectories resulting from different guidance laws. 
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Figure 4. Terminal part of trajectories. 
It was assumed that the target was stationary but the wind speed was varied from -10  to +10 
in steps of 2.5. For each set of z0, z0, I/0, q0, a0 and Vw ten simulation runs per guidance law 
was performed, each run using a different 7o, randomly selected as described. A total of 5390 
runs were performed using each of the two guidance laws. For each run the miss distance was 
recorded. The miss distance d was defined as: 
d = =i  - ZT i ,  (21)  
with zl and ZTi the respective projectile and target z-coordinates at impact (z = 0). If n 
simulation runs were carried out using a specified set of conditions, the rms (or root mean square 
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miss distance) for that set of conditions was calculated as: 
din. -- "-_ ~ ,  (22)  
with dj the miss distance for each of the n runs. 
Calculating the rrns miss distances for the different guidance laws, over all the simulation runs, 
the following results were obtained: 
- proportional navigation: 17.9 
- wind stabilized seeker: 49.8. 
Using the proportional navigation model, 5092 or 94.5% of the runs achieved miss distances of 
less than 5. Using the wind stabilized seeker, the corresponding umber is 4677 (86.8%). 
A detailed analysis of the results obtained showed that for both systems, a large percentage 
of the miss distances greater than 5 occurred in cases where the projectile was launched at low 
speed at long distances from the target. In these cases the maneuverability of the projectile was 
not sufficient for it to guide towards the target, and large miss distances were obtained. It was 
assumed that these cases represented launch conditions outside the operational envelope of the 
system. The results were again analyzed ignoring runs with initial speeds lower or equal to 150. 
The results now obtained were: 
Proportional navigation: rms miss distance 0.33, with 99.93% of the miss distances less or 
equal to 5; 
- Wind stabilized: rms miss distance 2.36, with 95.6% of the miss distances less or equal 
to 5. 
For each of the wind speeds used in the simulation runs, the rms of the miss distances obtained 
was calculated. The results are shown in Figure 5. It can be seen that the miss distances achieved 
by the two systems under no wind conditions are similar. With wind, the performance of the 
wind stabilized system is not as good as that of the proportional navigation system. 
The asymmetry in the results is due to the fact that all the simulation runs were performed 
with the initial projectile position to the one side of the target. For both guidance laws it can be 
seen that the performance of the system is better for a wind from behind the projectile than for 
cases where the projectile is launched into the wind. Conversely, the performance of the systems 
would be better against a target moving towards the projectile than against a target moving 
away from the projectile. 
Figure 6 shows the rms miss distance as a function of the initial ground distance to the target 
(note that all of the runs were performed using the same initial height above target). It can be 
seen that the initial distance does not have a significant effect on the miss distance, except at 
extreme range where there is a sharp increase in miss distance. 
6. FULL 3-DIMENSIONAL NONLINEAR SIMULATION 
The analysis performed in the previous paragraph considered motion in a single plane only. 
It, therefore, does not account for crosswind effects or the effects of a rolling airframe. To verify 
that the results are accurate for motion in three-dimensional space, the results were compared 
to results obtained using a full 6 degree of freedom simulation model. The 6 degree of freedom 
model only simulated the wind stabilized seeker configuration. The 6 degree of freedom simulation 
model can be summarized as follows: 
For a given projectile velocity and wind velocity, the angles of attack and airspeed of the 
projectile are calculated. 
- The air density at the projectile altitude is then calculated from a standard ISA model. 
Using the angles of attack, airspeed and air density, as well as the airframe rotational 
rates, and flight control surface deflections, the aerodynamic forces and moments on the 
airframe are calculated. Asymmetry in the airframe and flight control surfaces i assumed, 
which causes a rolling moment. 
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Figure 5. Miss distance as a function of wind speed. 
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- The angular accelerations of the airframe are calculated, taking into account cross cou- 
pling due to angular rates. The angular rates are then calculated through numerical 
integration. 
- Using the so-called "gimbal equations" [7] the derivatives of the Euler angles (8, ~b, ~) are 
calculated. Numerical integration of these derivatives provide the Euler angles. 
- The aerodynamic forces on the airframe are given in wind axes. These are then rotated to 
an inertial axis system and combined with gravity to calculate the airframe acceleration i
inertial axes. Numerical integration is then employed to first calculate the airframe velocity 
and then position. 
- The wind stabilized seeker platform is modelled as a second order transfer function between 
the seeker boresight and flight path angles; 
- Using the target position and the airframe position, the line of sight vector is then cal- 
culated. The error signal is calculated as the difference between the seeker boresight and 
line of sight angles. From this error signal the flight control surface deflection commands 
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are calculated in accordance with the guidance law. 
- A simple second order model is used to calculate actual flight surface deflections. 
- The sequence of calculations are iterated until impact with the ground, i.e., z = 0. 
A total of 1063 simulation runs were performed, using the same initial conditions as was used for 
the plane model. The overall rms miss distance obtained was 2.24, compared to the 2.36 obtained 
using the plane model. A comparison between the two models is given in Figures 7 and 8. The 
good comparison between the models justify the initial assumptions on which the simpler plane 
model is based. 
7. CONCLUSIONS 
The study compared the performance of a guided projectile using a wind stabilized seeker with 
the performance p~s ib le  using proportional navigation. A simple model of motion in a vertical 
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plane was used. Comparison with results obtained using a full 6 degrees of freedom simulation 
model showed that the plane model is an accurate representation of the system. The comparison 
showed that the wind stabilized seeker performs similar to proportional navigation under no wind 
conditions and against a stationary target. Wind or target motion degrades the performance of 
the wind stabilized system, but to such an extent that the system is still useable for a variety 
of applications. The models used do not include detailed models of the seekers. Nor does the 
analysis performed take account of seeker noise or other random disturbances. A more accurate 
analysis of the guidance accuracy using a wind stabilized seeker will require the inclusion of 
the above, together with the use of statistical techniques to evaluate system performance. In 
references [2-4] a study similar to this is one done using stochastic optimal control techniques, 
with the motion of the seeker platform, together with the forces and moments applied on it being 
modelled as additional Gaussian white noise processes. 
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